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THE LUNG, as most organs, is subject to circadian regulation (53) . Lung functional residual capacity (52) , lung resistance (16) , and peak expiratory flow (29) exhibit circadian oscillations. Individuals with asthma (23) , chronic obstructive pulmonary disease (COPD) (1) , and sleep apnea (7) experience circadian oscillation of symptoms. More than 75% of people with COPD report nighttime symptoms, including sleep disturbances (45) , which cause circadian disruption (42) . As our societal life and work styles have changed, disruption of our environmental clock has become more common and is thought to be a contributing factor to many diseases, including depression (55) , cancer (50) , coronary heart disease (27) , metabolic syndrome (15) , and to higher overall mortality (36) .
Circadian rhythms are driven by a master clock in the suprachiasmatic nucleus (SCN) that synchronizes numerous subsidiary clocks in peripheral tissues (4) . In both locations, central and peripheral, circadian clocks comprise interlocking transcriptional and translational feedback loops, which culminate in the rhythmic expression and activity of a set of core clock genes in each organ. In mammals, CLOCK and BMAL1 drive the rhythmic expression of three Period genes and two cryptochrome genes. In turn, their protein products, PER and CRY, translocate back to the nucleus, where they downregulate the transcriptional activity of their own inducers, Bmal1 and Clock. An additional loop includes REV-ERB␣, which regulates Bmal1 and Clock transcription (44) . Then, this molecular clock regulates downstream clock-controlled genes controlling cell function. The lung has its own clock; Clara cells express PER2 and CLOCK and are responsible for local circadian rhythmicity (17) .
The master clock in the SCN through its anatomical connection with the preautonomic motor neurons in the paraventricular nucleus of the hypothalamus transmits signals to the parasympathetic and sympathetic nervous system enforcing its endogenous rhythmicity on the rest of the body (6) . The lung is innervated by both the sympathetic and parasympathetic nervous system. Besides its direct effect on bronchial smooth muscle cells, the autonomous nervous system also affects lung inflammation (25) , and submucosal bronchial gland secretion (22) , which, if dysregulation occur, can alter the lung (22) .
Moreover, many facets of the immune system are also subject to circadian regulation; in rodents and humans, various immune cell populations and cytokines have a circadian rhythm (8, 28) , and macrophages exhibit robust circadian regulation in gene expression (33) . Susceptibility to a lethal dose of bacterial endotoxin exhibits a diurnal rhythm (39) that is increased by circadian disruption (8) . Circadian disruption alters the immune system (9, 38) , and dysregulation of the immune system occurs in common chronic lung diseases such as asthma, COPD, and fibroproliferative lung diseases (30, 46) . When mice are exposed to a shift of the light-dark pattern, their circadian changes of physical activity are indicators their central circadian clock has been disrupted (11) . Because changes of autonomous nervous signaling and the innate immune system could alter the lung, we tested the hypothesis that circadian disruption would affect lung mechanical function and clock gene expression in the lung.
MATERIALS AND METHODS
Animals. Experiments were performed on 2-to 3-mo-old C57BL6J female and male mice (Jackson Laboratory, Bar Harbor, ME). Mice were housed in the Department of Comparative Medicine (Georgetown University) at an ambient temperature of 20 -26°C, four or five per cage, with overhead fluorescent lights of an intensity ranging from 200 to 400 lx at the level of the top of the cage (31). They were maintained on a 12:12-h light/dark (LD12:12) light schedule and allowed Rodent Chow 5001 and tap water ad libitum. All procedures were approved by the Georgetown University Animal Care and Use Committee and comply with the National Institutes of Health guidelines.
Chronic jet lag. The mice were synchronized to standard lighting conditions of LD12:12, i.e., lights on at 6 AM and lights off at 6 PM, until they entered the study. Zeitgeber time 0 (ZT 0) was defined as the clock time the light was turned on (6 AM). Then mice were assigned to either remain in this lighting regimen or to undergo experimental chronic jet lag (CJL). To produce chronic jet lag we subjected mice to serial 8-h advances of the light/dark cycle every 2 days for 4 wk (Fig. 1) (11, 12) . Every day of "jet lag" was preceded and followed by a 12-h light, 12-h dark day. Using this protocol, ZT recurs at the same clock time on the first day of the 5-day cycle in both groups. To avoid the direct effect of light on lung function, corticosterone concentration, and gene expression, mice were placed in darkness during the third day of the fourth cycle (the light was not turned on at the beginning of the third day) and studied on the first day of the next cycle. This continuous darkness for 2 days eliminates any masking effect of light on the endogenous circadian pattern (40) . Because all the parameters we studied are subject to circadian oscillation, we studied all animals on the first day of a 5-day cycle; on that day of the chronic jet lag schedule, controls and CJL animals are at the same clock time; both groups had the light turned on at 6 AM, which means they were living on the same Zeitgeber time (time since the light had been turned on). All animals were anesthetized on the first day of the fifth cycle between ZT 3 and ZT 3:30 to obtain blood for corticosterone measurements and to obtain lung tissue for measurement of gene expression. Lung mechanics were measured between ZT 5 and ZT 8 in a second group of animals. Each mouse was weighed at the beginning of the study, then weekly.
Animal preparation. After having subjected them to 4 wk of either a 12:12-h light/dark cycle or the light-dark regimen to induce CJL, mice were anesthetized by the intraperitoneal injection of xylazine (ϳ15 mg/kg) and ketamine (ϳ50 mg/kg), under red light conditions (10 lx) to avoid bright-light exposure, which could induce clock gene expression. After achieving a surgical level of anesthesia (failure to withdraw from a toe pinch), we performed a tracheotomy, inserted an 18-gauge metal cannula into the trachea, and secured it with thread. The mice were then placed in a supine position on a heating mat and connected via the tracheal cannula to a computer-controlled small animal ventilator (FlexiVent, Scireq Montréal, Quebec, Canada). During the time on the ventilator, including measurements of lung mechanics, the level of anesthesia was checked (loss of pedal withdrawal reflex) and additional anesthetic [xylazine (5 mg/kg) plus ketamine (20 mg/kg)] was given, if needed, to maintain loss of pedal withdrawal reflex and prevent spontaneous breathing. Mice were ventilated at 150 breaths/min with room air at a tidal volume (VT) of 10 ml/kg body mass at a positive end-expiratory pressure (PEEP) of ϳ2.5 cmH 2O.
Measurements of lung mechanical properties. Measurements of impedance were performed using the forced oscillation technique provided by the FlexiVent (Scireq Montréal) against three different levels of PEEP (0 -3 cmH2O) applied in the following order: 3, 2, and 0 cm H2O to map the lung volume dependence of the lung mechanical parameters (20, 21) . Measurement of lung mechanics began with 30 s of mechanical ventilation (VT 10 ml/kg, 150 breaths/min) at the PEEP level to be studied. Volume history was then standardized by inflating the lung, three times to a pressure at the airway opening of 25 cmH 2O. Fifteen seconds after these lung inflations, ventilation was suspended, and the animals were allowed to expire passively to the functional residual capacity at the applied PEEP. An 8-s volume perturbation was then applied to the airway opening by the Flexivent, after which VT was immediately resumed. The Flexivent software provides a computer-generated volume signal made up of 19 mutually primed sinusoids ranging from 0.25 to 19.5 Hz that was applied to the airway opening. The software fits a four-parameter model to the impedance data to obtain airway resistance (Rn), inertance (I), and the constantphase parameters of tissue damping (G) and tissue elastance (H) (26) . Rn indicates the resistance of the conducting airways. G and H reflect energy dissipation and energy stored, respectively, within the respiratory tissues. Tissue hysteresivity (eta) was calculated as G/H (13). The FlexiVent software corrects the values of Rn and I for the tracheal cannula resistance and inertance. Because most of the inertance is residing in the cannula, the value of I was negligible and not reported. After recording the impedance measurements, ventilation was stopped and we waited for spontaneous ventilation to resume thereby demonstrating the mice were alive throughout the experiment; results from mice that did not resume spontaneous breathing are not included in the data presented in this report.
Measurement of lung volume. After measurement of lung mechanics, lungs were fixed at a transpulmonary pressure of 20 cmH 2O. This was achieved by instilling formalin through the canula already in place. The trachea was then ligated, the lungs excised from the chest, and fixation was continued overnight at room temperature. Lung volume was measured by volume displacement (49) .
Reverse transcription-PCR. Mice never mechanically ventilated were anesthetized with the intraperitoneal injection of xylazine (ϳ10 mg/kg) plus ketamine (ϳ75 mg/kg). We injected 2,000 units of heparin intraperitoneally at the time we injected the anesthetic to prevent blood from clotting in pulmonary vessels. We excised the left atrium and perfused the pulmonary vasculature with ice-cold phosphate buffered 0.15 M saline. Then the lungs were excised, snapfrozen in liquid nitrogen, and stored at Ϫ80°C. Total RNA was extracted using TRIzol (Invitrogen) and further purified using RNeasy (Qiagen). The RNA concentration of each sample was determined from the absorbance at 260 nm, and 0.125 mg was reverse transcribed to cDNA using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA).
Quantitative PCR was used to measure the relative amount of mRNA for Clock, Bmal1, Per1, Per2, Cry2, and Rev-erb␣. Following the reverse-transcription step, cDNA samples were amplified in the ABI prism 7300 sequence detection system (Applied Biosystems) in triplicate, using TaqMan Gene expression assays and Master mix (Applied Biosystems). Levels of gene expression in each sample were determined with the comparative C(T) method (51) . The expression of the different clock-related gene transcripts was normalized to 18S, which we used as an endogenous control. The amplification conditions were as follows: 50°C for 2 min, 95°C for 10 min, 40 cycles at 95°C for 0.5 min, and 60°C for 1 min.
Plasma corticosterone. Before excising the lungs, blood was drawn from mice never mechanically ventilated and immediately centrifuged at 9,000 g at 4°C for 10 min. Plasma was stored at Ϫ80°C. Corticosterone concentration was determined by a HPLC-tandem mass spectrometry (MS/MS) (24) .
Statistical analysis. All statistics were analyzed using GraphPad Prism version 5.04 for Windows (GraphPad Software, San Diego, CA). For each parameter measured or calculated from measurements, the values for individual animals were averaged per experimental group and the standard deviation of the group mean was calculated. The statistical significance of the difference between control and CJL mice was obtained by an unpaired two-tailed t-test (i.e., each parameter of respiratory mechanics at each PEEP level and each clock gene expression). A repeated-measures ANOVA was used for the analysis of temporal changes in weight in all mice. An unpaired two-tailed t-test analysis was used for comparisons of the weekly weight gain between control and CJL mice. For comparisons of one measurement, to more than one other measurement, the Bonferroni adjustment was used to determine statistical significance. We used the Dixon's Q-test to detect outliers (48) (a single outlier, a Rev-erb ␣ male, was not used).
RESULTS
Weight changes of male and female mice. Among control males, body weight increased weekly compared with baseline (Fig. 2, A and B) . This increase did not differ to a statistically significant degree between weeks. Males exposed to chronic jet Fig. 2 . Body weight and weekly weight gain during 4 wk of chronic jet lag. Weight (A) and weekly weight gain in males (B) and females (C) during the 4-wk experiment when female (n ϭ 15) and male (n ϭ 14) C57BL6 mice are exposed to LD12:12 (control group) or chronic jet lag (CJL) (females, n ϭ 15; males, n ϭ 15). Data are expressed as group means Ϯ 1 standard deviation of the mean (SD). Statistical difference between controls and CJL: *0.01 Ͻ P Ͻ 0.05; **0.005 Ͻ P Ͻ 0.01. A repeated-measures ANOVA was used for comparisons between times in the same group with Bonferroni correction made for more than two times. Significant change when compared with baseline: # (#, 0.01 Ͻ P Ͻ 0.05; ##, 0.005 Ͻ P Ͻ 0.01; ###, 0. 0001 Ͻ P Ͻ 0.005; ####, P Ͻ 0.00001). Fig. 3 . Lung volume (A) and lung volume-to-body weight ratio (B) in female and male C57BL6J mice controls (females, n ϭ 7; males, n ϭ 6), and those exposed to CJL (females, n ϭ 7; males, n ϭ 8). Data are expressed as individual values and group means Ϯ 1 SD. lag (CJL males) increased weight during the first week more than controls (P ϭ 0.008), then exhibited the same weight gain as male controls for the next 3 wk (Fig. 2B) .
Control females increased body weight compared with their baseline weight (Fig. 2, A and C) . Among CJL females, weight gain during the first week was higher compared with controls of the same sex (Fig. 2C) . Weight gain among CJL females was less than control females at the third (P ϭ 0.027) and fourth week (P ϭ 0.037), and in fact, CJL females lost weight during the third week (Ϫ0.3 Ϯ 0.8 g) as, during the same week, control females gained weight (ϩ0.3 Ϯ 0.6 g) (Fig. 2C) .
Lung mechanics and lung volume of female and male mice exposed to chronic jet lag. Lung volume was greater in CJL males compared with CJL females (Fig. 3) . The difference of lung volume between control males and control females did not achieve statistical significance (P ϭ 0.061). Lung volume-tobody weight ratio was higher in female controls and female CJL compared with male controls (P Ͻ 0.0001) and male CJL (P ϭ 0.0004), respectively. After 4 wk of either the usual light regimen (LD12:12) or the shifting light regimen that causes chronic jet lag (11), total lung volumes did not differ between the control and the experimental group in either sex. Lung mechanics were measured at three different levels of PEEP. The parameters of the constant-phase model were fitted to respiratory system impedance values of female and male mice controls and those exposed to chronic jet lag (Fig. 4) .
Among females (Fig. 4, A-D) , airway resistance, Rn, did not differ between the two groups at any PEEP (Fig. 4A) . Tissue damping, G, and tissue elastance, H, decreased progressively from PEEP 0 to PEEP 3, without any difference between groups (Fig. 4, B and C) . At PEEP 0 and PEEP 3, tissue hysteresivity, eta, was lower among female CJL mice compared with female controls (Fig. 4D) .
Among males, airway resistance, Rn, at PEEP 2 and 3 was lower in CJL mice compared with controls (Fig. 4E) . However, tissue damping, G, tissue elastance, H, and tissue hysteresivity, eta, did not differ between the two groups of males at any level of PEEP.
Clock gene expression in the lung. In CJL females, Bmal1 gene expression was lower than in controls, but Clock gene expression did not differ between groups (Fig. 5) . Males displayed the opposite pattern; Bmal1 gene expression did not differ between groups, but Clock gene expression was lower in CJL males than in control males. Per1 gene expression did not differ among females or among males. However, Per 2 expression was higher in female and male mice exposed to chronic jet lag compared with same-sex controls. Cry2 gene expression was higher in CJL females, but not in CJL males (P ϭ 0.087), than in controls of the same sex.
The orphan nuclear receptor REV-ERB␣ participates in a second loop of circadian regulation repressing Bmal1 gene expression (44) . Rev-erb␣ gene expression in the lung was increased among CJL males (P ϭ 0.042) and decreased among CJL females compared with same sex controls (Fig. 6) .
Bmal1, Clock, Per1, Per2 and Cry2 and Rev-erb␣ each exhibited a much broader distribution of values among CJL than among control mice as shown by the larger coefficient of variation among CJL mice compared with controls (Table 1 ).
α Fig. 5 . Clock gene expression in the lung of female (n ϭ 6) and male (n ϭ 7) C57BL6 mice exposed to chronic jet lag and controls (females, n ϭ 6; males, n ϭ 6). Bmal1, Clock, Per1, Per2, Cry2, and Rev-erb␣ gene expression normalized to 18S. Data are expressed as individual values and group means Ϯ 1 SD.
Plasma corticosterone. To determine if the light regimen used to produce chronic jet lag altered a component of the hypothalamic-pituitary-adrenal axis, which can alter clock gene expression (32) and lung function (37), we measured serum corticosterone (Fig. 6) . Corticosterone was higher in control and CJL females than in control and CJL males, respectively. There was no difference between control and CJL males. The mean value of corticosterone was higher among CJL females than control females, but the P value for the difference (P ϭ 0.06) missed the accepted level of statistical significance. There was a much wider distribution of the corticosterone blood levels among CJL females (coefficient of variation 0.34) compared with control females (coefficient of variation 0.13). We did not observe this pattern among CJL males.
DISCUSSION
We tested the hypothesis that alteration of the circadian rhythm, produced by shifting the light-dark schedule of mice, would alter the lung circadian clock gene expression and lung mechanics. Thus our work pertains to two situations: one lived by shift workers, night workers, and those exposed to chronic jet lag (military, pilots, flight attendants, health care providers); and one experienced by many suffering from sleep disturbances secondary to chronic lung disease. Numerous models of circadian disruption have been studied (2, 34, 57) . We chose the 8-h shifting CJL regimen (Fig. 1) because it disrupts the circadian rhythm of physical activity in mice (11) . Further, the advanced light schedule we used is more disruptive to the organism's circadian rhythm than a delayed light schedule and the effect of its disruption on the organism is more severe (10) . With a closed pattern of chronic jet lag (6 h phase advanced every 7 days), mice do not experience sleep loss, nor are hormonal or behavioral measures of stress increased (9) . This indicates disruption of the endogenous biological clock, rather than sleep loss, is the basis for the changes we found in lung mechanics and clock gene expression in the lung.
During the 4 wk of exposure to the shifting light pattern, weight gain fluctuated differently between males and females. The weight gain fluctuations are consistent with the clear links between sleep, circadian rhythms, clock genes, and metabolic function (19) . In fact, many mutant mice lines bearing genetic lesions of clock, or clock-related genes, exhibit abnormal changes of weight and anomalies of lipid and glucose metabolism (56, 58) .
To determine if circadian disruption affects the mechanical properties of the respiratory system, we measured lung volume and input impedance (Zrs) of the respiratory system. Lung volume and mechanics were measured in all animals at the same clock time of the day between ZT 5 and ZT 8. As expected, lung volume/body weight was significantly different between female and male controls (41) , but exposure to the shifting light pattern did not affect lung volume among females and males when compared with their respective controls. As the lung volume (functional residual capacity) was not measured during the recording of the lung impedance, we established a specific airway pressure set by the PEEP. This functional residual capacity can depend on the previous ventilation history and the viscoelastic proprieties of the lung. Therefore, prior to each recording, ventilation history was standardized to minimize differences between animals and measurements. Rn provides the overall resistance of the conducting airways (54) . CJL decreases Rn among male mice by 20% (at the physiological PEEP of 2 cmH 2 O). The effect of CJL on lung mechanics may appear modest. However, CJL was applied for only 1 mo, which is less than 3% of a mouse life span (for a life expectancy of 36 mo in a C57BL/6J). Humans subjected to circadian disruption, whether due to disease, e.g., COPD, or occupation (pilots), are subject to circadian disruption for 30% or more of their life. The decrease of Rn did not occur in females exposed to CJL. The basis for this effect on Rn in males is not clear, nor is the basis for the absence of this effect of Rn in females clear. Circadian signals are conveyed from the master circadian clock in the hypothalamus to peripheral organs via two neural routes: central sympathetic and central parasympathetic innervations. In C57BL6 mice, the parasympathetic nervous system transmits signals from the suprachiasmatic nucleus to the lung and regulates mucin secretion and clock gene protein oscillation (3). C57BL6 mice, under the protocol of chronic jet lag we used, lose their circadian rhythm of physical activity, demonstrating their central circadian clock has been disrupted (11) . Therefore, dysregulation of the central clock could have affected the signaling from the suprachiasmatic nucleus to the preautonomic motoneurons of the hypothalamus and disrupted the balance between the parasympathetic and sympathetic nervous system (35) . Thus the de- Coefficient of variation of gene expression for Bmal1, Clock, Cry2, Per2, and Rev-Erb␣ in female and male mice controls and those exposed to chronic jet lag (CJL). . Serum corticosterone concentrations in female (n ϭ 6) and male (n ϭ 6) controls and those exposed to chronic jet lag (females, n ϭ 6; males, n ϭ 7). Data are expressed as individual values and group means Ϯ 1 SD.
creased Rn could be related to diminished smooth muscle airway tone due to decreased cholinergic activity, increased sympathetic activity, or both. Besides its effect on bronchial smooth muscle cells, the parasympathetic nervous system also affects lung inflammation (25) , and submucosal bronchial gland secretion (22) that could have been responsible for the effect of chronic jet lag on lung mechanics (5, 14) . Rn is decreased among CJL males at PEEP 2 and 3 but not in CJL females. This sexual dimorphism may be related to the sexual dimorphism of adrenergic and muscarinic receptor density described in the lung of 129SVJ/C57Bl6 line mice (43) . Unmanipulated female mice have a higher density of ␣1-adrenergic receptors than males, but males have twice the density of muscarinic receptor as females (43) . The higher density of muscarinic receptors in males could make them more susceptible to any change in the cholinergic activity in the lung (43) .
The differences observed in lung mechanics among females are small and sparse; Rn, G, and H did not differ between the two groups of females. Eta is decreased among females exposed to CJL at PEEP 0 and 3. Besides being statistically significant, the biological significance of this decrease seems small.
As with lung function, we also found sexual dimorphism of clock gene expression in the lungs of mice exposed to chronic jet lag. We did not measure expression of clock genes over 24 h, which would have allowed identification of the presence of rhythm differences, i.e., mesor, amplitude, and phase of expression of those genes (47) . However, use of the CJL model in which controls and CJL mice are at the same clock time every first day ( Fig. 1 ) of a 5-day cycle allowed us to test our hypothesis that we disrupted gene expression in the lung (11, 12) . Based on the differences in clock gene expression between CJL and controls, we conclude the light regimen we used altered the clock gene expression in the lungs.
Rev-erb␣ gene expression is also sexually dimorphic; its expression is downregulated in CJL females and upregulated in CJL males. REV-ERB␣ oscillations act as an additional stabilizing loop within the clock and act with the main core loop to maintain the precision of the circadian oscillation (44) . In the lung of CJL exposed animals, Clock is downregulated in males, Bmal1 in females, and their repressor Per2 and Cry2 are upregulated when compared with same-sex control animals. Thus we have demonstrated that every limb of the core loop has been disrupted. Moreover, REV-ERB␣ directly modulates lipid, glucose, bile acid metabolism, adipogenesis, the inflammatory reaction, and the innate immunity (18, 59) . Because of the multiple direct roles of REV-ERB␣ on metabolism and inflammation, the sexually dimorphic dysregulation of REV-ERB␣ could have directly contributed to differences in weight gain and lung mechanics in the model of circadian disruption we used.
In conclusion, a change of light schedule regimen that disrupts the organism's circadian rhythm as occurs in chronic jet lag, and may occur because of sleep disturbances in chronic lung diseases, alters lung mechanics, and clock gene expression in the lung in a sexually dimorphic manner.
